The evaluation of head malformations plays an essential role in the early diagnosis, the decision to perform surgery and the assessment of the surgical outcome of patients with craniosynostosis. Clinicians rely on two metrics to evaluate the head shape: head circumference (HC) and cephalic index (CI). However, they present a high inter-observer variability and they do not take into account the location of the head abnormalities. In this study, we present an automated framework to objectively quantify the head malformations, HC, and CI from three-dimensional (3D) photography, a radiation-free, fast and non-invasive imaging modality. Our method automatically extracts the head shape using a set of landmarks identified by registering the head surface of a patient to a reference template in which the position of the landmarks is known. Then, we quantify head malformations as the local distances between the patient's head and its closest normal from a normative statistical head shape multi-atlas. We calculated cranial malformations, HC, and CI for 28 patients with craniosynostosis, and we compared them with those computed from the normative population. Malformation differences between the two populations were statistically significant (p<0.05) at the head regions with abnormal development due to suture fusion. We also trained a support vector machine classifier using the malformations calculated and we obtained an improved accuracy of 91.03% in the detection of craniosynostosis, compared to 78.21% obtained with HC or CI. This method has the potential to assist in the longitudinal evaluation of cranial malformations after surgical treatment of craniosynostosis.
INTRODUCTION
Craniosynostosis is a congenital defect that affects 1 in 2,100 live births in which one or more cranial sutures fuse early [1] . It typically results in abnormal cranial morphology due to cranial growth constraints and, if untreated, patients can present increased intracranial pressure or cognitive delays among other symptoms [2] . Although the diagnosis is made from the observations of fused sutures in computed tomography (CT) images, the evaluation of the head shape plays an important role in the decision to perform surgical treatment and in the longitudinal evaluation after surgery [3] , [4] . To this end, the head circumference (HC) and cephalic index (CI) are often used clinically [5] , [6] . However, they do not describe accurately the location of malformations and they present high inter-observer variability [7] . In this study, we present a reproducible method to assess cranial shape abnormalities quantitatively using three-dimensional (3D) photography, a non-invasive and radiation-free imaging modality.
Most image-based methods [3] , [8] , [9] quantify cranial shape abnormalities from CT images, which involve ionizing radiation in young children [10] [11] . For that reason, 3D photography has gained popularity for the evaluation of cranial morphology [12] . Using 3D photographs, a method based on principal component analysis (PCA) to model the variations observed in a population over the mean head shape was proposed in [13] . Similarly Tu et al. [14] proposed to quantify 3D head malformations using a statistical shape atlas, to characterize the morphological abnormalities of patients with craniosynostosis. However, previous methods could only analyze head malformations globally and not separately on different areas of interest (i.e. frontal, parietal, or occipital bone areas), since 3D photography cannot image cranial bones. To facilitate the understanding and interpretation of head abnormalities, we overcome previous limitation in this work by creating a normative statistical shape atlas of the head using CT images, where both the skin and the bones are imaged and, therefore, the head skin of these subjects can be parcellated using the underlying bone information. This allows identifying bone areas in a new 3D photograph of a patient by propagating the ones parcellated on its closest normal shape from the statistical head shape multi-atlas. Thus, head malformations can be calculated at the area of each cranial bone to identify patients with head abnormalities related to craniosynostosis.
MATERIALS AND METHODS
In the following sections, we will describe each component of our framework to automatically quantify local head malformations in patients with craniosynostosis from 3D photography, which are shown in Fig. 1 . Fig. 1 Schematic of the proposed method. The head malformations were quantified above the cranial base automatically defined by four landmarks (nasion, opisthion and the two clinoid processes of the dorsum sellae).
In previous work, Mendoza et al. [3] quantified cranial malformations at each cranial bone from CT images using a statistical shape multi-atlas. They employed a landmark free shape descriptor, signed distance functions (SDF), to represent the cranial bone shapes of a normative population, and they used PCA to create a normative multi-atlas based on the SDFs. They showed that cranial shape abnormalities could be accurately quantified by comparing the cranial shape of a patient with its closest normal in the multi-atlas. Inspired by that study, we aim at automatically quantifying head malformations on patients with craniosynostosis from 3D photography, using a statistical atlas of the head shape instead of the cranial bones. Unlike other methods based on 3D photography, we build a statistical shape atlas using CT images, which let us identify the area of each cranial bone in the head skin. Fig.1 shows the workflow of our method divided into five steps.
Data description
A set of head 3D photographs was acquired using the 3dMD head System (3dMD, Atlanta, GA) from 28 patients (average age 3 ± 2 months, range 1-8 months, 10 female) with different types of craniosynostosis (17 sagittal, 4 left coronal, 4 right coronal, and 3 metopic) before surgical treatment.
We also used a set of retrospective CT axial images of 50 subjects (average age 4 ± 3 months, range 0-10 months, 26 female) without cranial pathology to build the normative statistical shape multi-atlas. The CT image in-plane resolution ranged 0.26-0.49 mm, with axial spacing ≤ 3mm.
Head shape extraction
We extracted the head shape from the CT image of the subjects without cranial pathology using thresholding to segment the head volume (including the skin, Hounsfield units, HU > -200) and the cranial bones (HU >100). Then, we extracted the largest connected component using morphological opening [15] to get a binary mask defining the head of a patient, and we reconstructed their surface using the marching cubes algorithm [10] . Next, we obtained two continuous surfaces representing the skin and the cranial bones of the head using the ShrinkWrap method [16] . The cranial bones obtained from the CT image were registered (optimizing translation, rotation, and scaling) to the cranial bones of a reference template, in which a set of four landmarks at the nasion, clinoid processes of the dosum sellae, and the opisthion had been manually placed [3] (see Fig. 1 ). These four landmarks were propagated to the head of the subject and used to define two cutting planes at the cranial base (Fig. 1 ), which were used to extract the head surface at the cranial vault area (represented in green in Fig. 1 ) [3] .
Given the 3D photograph of a new patient, we registered it to the skin of the reference template using a rigid transformation with isotropic scaling, which we subsequently refined using both affine and B-spline-based non-rigid transformations. Similar to previous head extraction from CT, the positions of the landmarks in the reference template were used to extract the head shape from the 3D photograph (magenta surface in Fig. 1 ).
Head circumference and cephalic index computation
We shifted the plane defined by the nasion and clinoid processes of the dorsum sellae (yellow in Fig. 1 ) along its normal direction to find the maximum frontal-occipital extension and obtain a closed curve around the head to calculate the HC. We calculated the CI as the ratio between the two principal axes of the closed curve. To compensate for age, we normalized the HC of all subjects to the normative references provided by the National Center of Health Statistics for each age (www.cdc.gov) [17] .
Normative statistical shape multi-atlas construction
We aligned all the head shapes (i.e. skin shapes) from the normative population optimizing for rotation, translation, and isotropic scaling, and we obtained their SDF representation [3] , thus creating a volumetric image for each one (resolution 280*320*280 voxels, with isotropic spacing of 0.5 mm). Then, we created a statistical shape model of the SDFs of the normative cases using PCA and obtained a 50-dimensional normative multi-atlas, similar to [3] .
Head malformations quantification
To quantify head shape malformations from 3D photography, we projected the SDF of the head shape into the PCA space and we identified the head shape of the closest normal using Euclidean distances [3] in that space. Then, we defined malformations at each point as the Euclidean distance to its closest point from the closest normal head shape, as proposed in [3] for the cranial bones.
Cranial bone area parcellation
For each CT image of the normative population, we segmented the five cranial bones (two frontal, two parietal, and occipital) using the graph-cut-based technique presented in [3] , and we projected those regions in their head skin shape. Given the 3D photograph of a new patient, since no bone information is available, we parcellated the head shape propagating the cranial bone areas from its closest normal. Table 1 shows the normalized HC (denoted as HC * ), CI, average, and maximum cranial malformations for both the patients with craniosynostosis and the normative population. To calculate the average and maximum malformations, we discarded the 10% of points with the highest and lowest values at each head area to minimize the effect of outliers. Patients with sagittal craniosynostosis presented significantly higher (p<0.05 using Student's t-test) HC * and lower CI than normal subjects, as well as significantly higher malformations at all bone areas (Fig. 2) . Patients with coronal craniosynostosis showed significantly higher CI and maximum malformations in the frontal bones, but HC * for right coronal craniosynostosis was not significantly different to normal subjects. The HC * and CI of patients with metopic craniosynostosis were not significantly different than normal subjects, but they presented significantly higher average malformations in the frontal bones. Importantly, the areas where significant differences of malformations between patients with craniosynostosis and subjects without cranial pathology were found coincide with reported clinical findings [18] . Fig. 2 shows the example of a patient with sagittal craniosynostosis with its map of malformations showing head narrowing at the parietal bone areas and frontal-occipital enlargement, which is typical of these patients [18] . Table 1 Normalized head circumference (HC*), cephalic index (CI, in %), average and maximum malformations (in mm) at the five cranial bone areas: left/right parietal bone (LP/RP), left/right frontal bone (LF/RF), and occipital bone (O) for all subject groups. The p-values (p) were computed between normal and each type of craniosynostosis.
RESULTS
•: significant (p<0.05), ○: non-significant.
Normal
Sagittal ( We trained a support vector machine classifier using the maximum malformations calculated at the area of each cranial bone on the head shapes and we evaluated its performance in classifying patients with craniosynostosis from normative subjects, obtaining an accuracy of 91.03% (sensitivity 85.71%, specificity 94.00%). We also identified the thresholds on the normalized HC and CI that provided the optimal classification between the two populations, obtaining a maximum accuracy of 78.21% (sensitivity 75.00%, specificity 80.00%) and 78.21% (sensitivity 50.00%, specificity 94.00%), with normal ranges of [0.94, 1.07] and [70.67, 88.17]% for the normalized CH and CI, respectively. Importantly, the classification accuracy using head malformations was significantly higher than using CH or CI, obtaining a p-value of 0.02 using a Fisher's exact test. Fig. 2 Five views of the signed malformations on the head shape of a healthy subject (top) and a patient with sagittal craniosynostosis (bottom). Blue represents underdevelopment with respect to the closest normal, while red represents overdevelopment.
CONCLUSIONS
We proposed a novel automatic framework to quantify head malformations locally at the area of each cranial bone on patients with craniosynostosis from 3D photography. These malformations were significantly higher in patients with craniosynostosis than on a normative population at the areas of the head where growth is abnormal due to suture fusion. Our results also show that the local malformations provide a more accurate identification of head shape abnormalities in patients with craniosynostosis than the clinically used HC and CI. The proposed framework has the potential to provide an objective, low-cost, fast, reproducible, and radiation-free evaluation of the surgical outcome and the evolution of malformations in patients with craniosynostosis.
